achieved once a commercial-scale project has been set in motion, she notes. "Everybody wants to be first to be second-that's the core of the problem, " she says. Integrating a commercial-scale plant with a functioning biomass supply chain is a core part of the challenge. "For startups this is tough. It's not just a matter of finding money, but it's also finding the breadth of talent to pull this off, " says Jan Koninckx, global business director for biorefineries at DuPont, of Wilmington, Delaware.
What's more, the bipartisan enthusiasm that originally drove the adoption of biofuels has dissipated, as many Republican politicians have become vocal opponents of the sector. "It has, for some reason that escapes me, become partisan, " says Koninckx. In particular, the EPA is under fire from the oil industry and its political allies on one side, and from environmentalists on the other, for its operation of a market-support mechanism for biofuels called the Renewable Fuel Standard (RFS) program. This program obliges oil producers and importers to commercialize mandated volumes of four different categories of renewable biofuels every year ( Table 2 ). The RFS, established under the Energy Policy Act 2005 and later amended and extended under the Energy Independence and Security Act 2007, originally envisaged growth in US consumption of biofuels from 9 billion 'ethanol-equivalent' gallons in 2008 to 36 billion gallons in 2022. (Ethanol equivalence takes account of the differing energy content of biofuels; ethanol has around 70% of the energy content of gasoline.) Within that total, corn ethanol (categorized as renewable fuel) would be capped at 15 billion gallons, whereas the requirement for cellulosic biofuels, for biomass-based diesel and for advanced biofuels would rise from 600 million gallons in 2009 to 21 billion gallons by 2022 (ref. 1) . "Those numbers came out of the air, and ever since they became law, everyone has been scrambling to see how can we make this work, " says Timothy Slating, regulatory associate at the Energy Biosciences Institute at the University of Illinois at Urbana-Champaign.
Although production of corn ethanol quickly surpassed the EPA's initial targetsand production of biomass-based diesel, made through the esterification of feedstocks County, Florida, which would have produced 36 million gallons of cellulosic ethanol every year. "It wasn't a statement about where our technology was at," says Sue Ellerbusch, president of BP's North American biofuels business. "It was not a good fit for us to build at this time. "
Another oil giant, Shell, of Amsterdam, The Netherlands, exited a joint venture with Ottawa, Ontario-based Iogen to build a cellulosic ethanol facility in Manitoba. It has refocused its biofuels investments on Brazil, where it has a $12 billion joint venture, Raizen, with bioethanol and sugar producer Cosan, of São Paulo, which operates 24 sugarcane processing plants. "I think Brazil is probably the most likely place to start to see cellulosic start to go at commercial scale, " Ellerbusch says. The stateowned Brazilian Development Bank (Banco Nacional de Desenvolvimento Econômico e Social; BNDES), of Rio de Janeiro, which has financed numerous projects, is an important catalyst. "They have a familiarity with the industry that is not typical of the US, " she says.
Scaling up
Most of the biotech companies that are still in the US energy game have yet to bridge the gap between pilot-scale and commercial-scale production. "The challenge is always getting to scale, " says Jennifer Holmgren, CEO of Roselle, Illinois-based LanzaTech. The commercial viability of a particular process cannot be established definitively in a demonstration plant, given the high capital costs involved in building a small-scale production facility. The process and yield data they provide are a necessary part of building the business case for a full-scale plant-but they are not sufficient. "The rest becomes an engineering exercise in winnowing down cost, " Holmgren says. "As you scale, you start to reduce cost. " But that can only be In May, ExxonMobil and Synthetic Genomics terminated their three-year-old joint venture to develop a commercial-scale biofuel production process using highly engineered algal strains. This failure is the most prominent indication yet of the ongoing retrenchment in the biofuels sector, which is battling through an economic downturn and a sustained barrage of criticism in Washington, DC, from an increasingly hostile oil industry and its political allies. The La Jolla, California-based biotech is another addition to a growing list of biotech companies that have been unable to meet the exacting cost and performance requirements of large-scale biofuels production.
The market for ethanol, which is almost entirely based on an E10 blend (10% ethanol and 90% gasoline) is now saturated with corn ethanol, which is scraping up against the socalled blend wall-the maximum amount of ethanol that can be blended into gasoline based on current consumption practices. Meanwhile, cellulosic biofuels should finally start flowing this year, and for weary investors and a beleaguered Environmental Protection Agency (EPA), those gallons can't come soon enough ( Table 1) . However, it will take a steady rampup in production volumes over the next several years, combined with continued support from the White House, to banish the doubts that currently beset the sector.
Cellulosic biofuels underwhelms
The rollout of cellulosic biofuels, which have superior greenhouse gas emission profiles to corn ethanol, has been hampered by lack of finance, technological immaturity and market risk. A growing number of cancelled or delayed projects has weighed heavily on a sector that pioneered sophisticated metabolic engineering approaches but that has so far failed to deliver on billions of dollars of investment. The oil industry, which is awash with cash from a sustained era of high prices, is more than capable of financing its own projects. However, its political opposition to biofuels is matched by several recent exits from large-scale biofuels projects.
Among the high-profile withdrawals are BP of London, which last October cancelled plans to build a $350-million plant in Highlands Big oil turns on biofuels Despite government incentives and mandates, second-generation biofuels are proving tough to bring to market. Cormac Sheridan investigates.
N E W S f E at u r E npg point the RIN, which has a two-year lifespan, is detached and can be surrendered to demonstrate compliance, held for future compliance or traded on a secondary market 2 .
The RIN system reflects the energy equivalence provisions underpinning the RFS. Butanol, which has an energy content 30% greater than that of ethanol, receives the equivalent of 1.3 'ethanol' RINs, for example. 'Higher' RINs, generated for advanced or cellulosic biofuels, for example, can be traded down for compliance with the corn ethanol mandate, but trades in the opposite direction are not allowed.
Up until recently, RINs changed hands for a few cents-the supply was plentiful because the biofuels as well as for corn ethanol. Those for cellulosic biofuels have been far below the targets originally set out in the updated RFS2 program, but they have, nevertheless, imposed a yearly requirement on gasoline refiners and importers to commercialize a defined volume of second-generation biofuel. In the absence of any physical product to blend with their gasoline, these companies have had to demonstrate compliance by purchasing credits in the form of renewable identification numbers (RINs), which are unique 38-digit serial numbers that are generated for every batch of biofuel created under the RFS. Each RIN follows a batch of biofuel through the supply chain until it is blended with gasoline or diesel, at which such as soybean oil, recycled cooking oil and animal fats, has risen from 25 million gallons to more than one billion gallons in the past decade-meaningful volumes of cellulosic ethanol have so far failed to materialize. "I think Congress may have underestimated the political power of the incumbent industry to resist the adoption of these biofuels, " says Adam Monroe, Americas president of Novozymes, a Bagsvaerd, Denmark-based producer of industrial enzymes, including cellulases, used to break down lignocellulose into its constituent sugars. "I [also] think people underestimated what it would take to build the value chain around the feedstock. "
The EPA now finds itself out on a limb, as the RFS stipulates that cellulosic ethanol should account for 16 billion gallons of the total renewable fuels mandate by 2022, a target that increasingly looks unrealistic. One obvious reform, says Jay Kesan, director of the program in intellectual property and technology law at the University of Illinois, at Champaign, is to abolish the specified targets for different feedstock categories and different types of fuel. "Let's focus on greenhouse gas emissions, energy content and have a vigorous, competitive market, " he says.
Where credit is due In the meantime, the EPA continues to issue revised annual mandates, called renewable volume obligations, for second-generation N E W S f E at u r E npg sugar stream. "Our reactors end up being small, so we have a much smaller capital footprint, " says chief technology officer Fred Moesler. "We intend to be cost competitive with first-generation sugars in our first plant. " The company has attracted some deep-pocketed investors, including Ludwigshafen, Germany-based chemicals giant BASF, which led Renmatix's $75-million Series C round in 2012. Diversification into other fuel molecules could also provide corn ethanol producers with an alternative market opportunity. Butanol is a 'drop-in' fuel and can be readily blended with gasoline at concentrations of 16% and upwards. Unlike ethanol, it has an energy content comparable to that of gasoline. Gevo of Englewood, Colorado, is pursuing a retrofit strategy based on a low-cost conversion of corn ethanol plants to butanol production. "It varies from plant to plant, but for a basic retrofit we're projecting $1 per gallon of ethanol capacity, " Brett Lund, Gevo's general counsel and secretary, says. "Nobody comes close to $1 a gallon. We're at the very bottom of the scale. " (Gevo's first commercial-scale plant is now back in operation after a nine-month shutdown due to what it considers a one-off contamination problem-the commodity economics of industrial biotech rule out sterile manufacturingand the company aims to achieve a run rate of one million gallons per month by the year end.) now approved by the EPA for use in all cars and light vehicles dating from 2001 onwards. Retrofitting existing corn ethanol plants so they can handle cellulosic feedstocks, such as corn stover and other plant residues, also provides a means of averting the collision between the rising RFS mandates and an oil industry unwilling to blend more ethanol into its products. This is at the core of the strategy of Poet-DSM Advanced Biofuels, a joint venture between Sioux Falls, South Dakota-based Poet, which operates 27 corn ethanol facilities in the US with an aggregate annual production capacity of 1.6 billion gallons, and industrial enzyme supplier DSM, of Heerlen, in The Netherlands. Their first plant, which is due to come onstream this year, involved an investment of $250 million. That implies a capital expenditure of $10 per gallon of cellulosic ethanol production capacity.
Without specifying numbers, Renmatix, of King of Prussia, Pennsylvania, claims that its novel, supercritical hydrolysis technology for producing cellulosic ethanol will be more cost effective. The company's process relies on exposing water to very high temperatures and pressure, so that it becomes supercritical, with no distinct separation between its gas and liquid phases. This endows it with both catalytic and tunable solvent properties, which are harnessed to break down cellulose into a fermentable RFS mandate trailed the total amount of biofuel that was being produced. However, their price shot up this year, to a mid-July peak of $1.50, due to their increasing scarcity, as the RFS mandate requires more biofuel than is now being produced to be blended with gasoline. Although the price surge imposes additional costs on the parties obligated under RFS2, it also creates incentives for commercializing butanol (and for fraudsters, Box 1), as well as advanced and cellulosic biofuels, as RINs generated for these products command a higher price than those generated for corn ethanol. The RIN system could, says Slating, act as a mechanism to reshape the biofuel market and smooth the transition from corn ethanol to second-generation biofuels. However, the oil industry is not willing to surrender any more market share, says Slating, who describes its attitude as "10% is enough, we're done. " It has mobilized a plethora of lobby groups and think tanks to attack the RFS. "You spend your money complying with the law or you spend your money trying to change the law, and they decided to try and change the law, " he says.
The oil industry has made some progress in its efforts. A recent court judgment characterized the oil refiners' position as being "captive consumers" of the biofuels industry. The case, which the oil industry pursued through its Washington, DC-based lobby group, the American Petroleum Institute (API) represented a partial victory over the EPA. The US Court of Appeals ordered the agency to "vacate" its 2012 cellulosic biofuel mandate, which it had set at 8.65 million gallons 3 . (The court rejected the API's challenge to the EPA's advanced biofuels mandate for 2012.) The EPA accordingly revised its 2012 cellulosic biofuel mandate to zero-and then did the same for 2011. The final revised mandate EPA has proposed for 2013 calls for 16.55 billion gallons of renewable fuel, including 6 million ethanol-equivalent gallons of cellulosic ethanol, 1.28 billion gallons of biomass-based diesel and 2.75 billion gallons of advanced biofuel 4 . According to the EPA, this total would represent 9.74% of the US fuel supply, which is just shy of the limit imposed by the blend wall, although that is as much a psychological barrier as it is a tangible hurdle. "The blend wall is something the oil guys constructed, " says Monroe. "It's not a real thing, it's just a talking point that the industry invented, " he adds.
Going over the wall Widespread adoption of an E15 blend, containing 15% ethanol, and higher blends, would push back the blend wall substantially. The US gasoline retail infrastructure is currently not set up to handle E15, however, although it is
Box 1 Policing RIN fraud
In addition to facing down critics hostile to its rfS program, the EPa is also grappling with fraud within the rIN system it created to ensure compliance with its various biofuel mandates. In february, rodney Hailey, owner of Baltimore-based Clean Green fuel, received a prison sentence of over 12 years for fraudulently selling $9-million worth of renewable fuel credits, associated with 23 million gallons of nonexistent renewable fuel. He was also ordered to pay $42.2 million in restitution to more than 20 companies affected by the fraud and to forfeit $9.1 million in proceeds from the fraud. In March, Jeffrey David Gunselman, owner of absolute fuels, of Lubbock, texas, was sentenced to more than 15 years in prison, fined $175,000 and ordered to pay $54.9 million in restitution for fraudulently selling $41.8 million worth of credits for nonexistent biodiesel. Green Diesel, of Houston, has received a notice of violation from the EPa for selling over 60 million fraudulent rINs, but the case has yet to be heard. the rIN system operates over a web-based transaction management system called the EPa Moderated transaction System, which allows users to generate and trade rINs. Its vulnerability to fraudulent activity prompted several republican members of Congress to introduce an amendment to the Clean air act 1963 last year, called the Stop rIN fraud act 2012, which would require the EPa to introduce a certification system to validate rINs. the existing scheme operates on a 'buyer-beware' basis-being a victim of a fraud does not eliminate a company's outstanding rfS compliance obligations. the amendment has been referred to the Energy & Commerce Committee of the House of representatives. In the meantime, the EPa has published proposals for a voluntary quality assurance program, which would involve third party audits of renewable fuel production and a mechanism to ensure that participants in the program would receive valid rINs to replace fraudulent rINs that were unwittingly purchased 7 . "the government is going to certify third-party auditors," says Slating. that approach would shift the costs of securing the rIN system onto the industry rather than the EPa.
technology is dependent on government to be successful, you're likely to have a problem at some point, " he says.
Meanwhile, the external costs associated with oil production and consumption continue to mount up, although climate change has received little attention in the current heated debate about RFS reform. Although America's embrace of biofuels was primarily driven by energy security considerations, their potential contribution to reducing greenhouse gas emissions is even more significant. On our present global trajectory, according to a recent Energy Information Administration forecast, global emissions of carbon dioxide will increase by 46% between 2010 and 2040, from 31 billion metric tons to 45 billion metric tons 5 . Seven years on from President George Bush's 2006 Statue of the Union speech, which was an important catalyst in the emergence of biofuels, America still hasn't kicked its addiction to oil 6 .
Cormac Sheridan, Dublin
In addition to producing algal oil for conversion to biodiesel and other fuel products, San Diego-based Cellana will also produce omega-3 oils and a protein-rich animal feed from its continuous hybrid cultivation system, which comprises an open pond system directly linked to a closed reactor for initial cultivation of its algal strains. "The maximum revenue you're going to get from oil at today's prices is seventy cents a kilogram [of algal biomass], " says Cellana CEO Martin Sabarsky. The three revenue streams will enable the company to make $7 per kilogram of biomass, he says. "That small but very meaningful change in strategy allows you to be profitable at today's prices without any further process optimization, " he adds.
Bedford, Massachusetts-based Joule Unlimited, has developed an easily scaled, modular, closed-reactor system, which, says co-founder David Berry, of Flagship Ventures in Cambridge, Massachusetts, is more controllable than an open-pond system. The company is "making good progress" toward its goal of producing algal biofuel at $50 per barrel without subsidy.
Up against resurgent oil
Even if biofuel manufacturers can attain price parity with oil, it remains an open question whether the US energy market will have space for their products in the coming years. The recent exploitation of tight oil (or shale oil) resources has led to a resurgence in US oil production, which increased from 5.0 million barrels per day in 2008 to 6.5 million barrels per day in 2012. At the same time, the US market for transportation fuel is unlikely to grow in the coming decades, as the latest Corporate Average Fuel Economy (CAFE) standards impose new fuel-efficiency requirements on automobile manufacturers. "It basically reminds us at the end of the day you have to compete on cost, " Berry says. "If your Butamax Advanced Biofuels, a joint venture between DuPont, of Wilmington, Delaware, and London-based BP, is pursuing a similar strategy. Indeed, Gevo and Butamax have clashed over intellectual property, although so far, the Butamax technology has not been scaled beyond 10,000 liters.
Algae-based biofuels coming along Biofuels derived from photosynthetic algae are at an earlier stage of development, although several firms, including Cellana, Joule Unlimited, Sapphire Energy and S. San Francisco, California-based Solazyme, are still advancing their respective technologies, notwithstanding Synthetic Genomics' failure to hit its targets. (Synthetic Genomics and ExxonMobil are still engaged in what looks like a face-saving basic research program involving the application of synthetic genomic technologies to improve the production characteristics of algae.) Not surprisingly, these firms are anxious to distance themselves from Synthetic Genomics' heavy emphasis on genetic engineering. "We have more of an agriculture-energy focus," says Tim Zenk, vice president of corporate affairs at Sapphire Energy, of San Diego, which aims to reach commercial scale by 2018. Sapphire obtains its 'green crude' by breaking open the algal cells with a hydrothermal process involving heat and pressure, and the resulting product can be refined directly into gasoline, diesel or jet fuel. The development of algal biofuels has been encumbered, Zenk says, by dogma derived from small-scale academic studies. "The dogma is mostly proven to be wrong, " he says. Sapphire's open-pond cultivation system is evolving toward an agricultural practice, he says. In time, the company will replace the plastic-lined ponds it currently uses with a contiguous, energy-efficient system of dirtlined paddies. "It'll look like rice farming, " Zenk says.
